Purpose: Familial hypercholesterolemia (FH) is an autosomal disorder of lipid metabolism presenting with increased cardiovascular risk. Although more than 1,700 variants have been associated with FH, the great majority have not been functionally proved to affect the low-density lipoprotein receptor cycle. We aimed to classify all described variants associated with FH and to establish the proportion of variants that lack evidence to support their pathogenicity.
INTRODUCTION
Familial hypercholesterolemia (FH) is an autosomal disorder of lipid metabolism and one of the most common genetic disorders that confer increased cardiovascular risk. 1 Patients with FH have very high low-density lipoprotein (LDL) values from birth, so the early identification and treatment of these patients improves their prognosis. 2 However, the clinical diagnosis of FH has low specificity and sensitivity 3 and only genetic diagnosis can confirm which individuals have a lifelong increased cardiovascular risk. 4 The genetic diagnosis is made by finding a functional mutation in one of the three genes known to cause FH: low-density lipoprotein receptor gene (LDLR), apolipoprotein B gene (APOB), and proprotein convertase subtilisin/kexin type 9 gene (PCSK9). More than 1,700 variants have been identified in LDLR in patients with a clinical diagnosis of FH, 5 but only a minority have been functionally proved to cause FH. This represents a huge gap for FH diagnosis. To overcome this common problem in the diagnosis of genetic disorders, i.e., the lack of functional evidence for variant pathogenicity, the American College of Medical Genetics and Genomics (ACMG) published in 2015 an algorithm to classify all variants into classes that are helpful for the interpretation of the effect of the variant: pathogenic, likely pathogenic, variant of unknown significance (VUS), likely benign, and benign. 6 In the present study we aimed to classify, following ACMG guidelines, all described variants associated with FH in various databases and individual reports to establish the proportion of variants that lack evidence to support their pathogenicity. A rigorous analysis of all functional studies performed for these variants has been performed and classified in two levels depending on the evidence obtained in each study. We also present the variant distribution throughout the world, highlighting the countries where more variants have been found and the ones with a higher percentage of variants functionally characterized. Additionally the misfits of ACMG algorithm to classify FH-associated variants have been identified so a specific algorithm for FH variant classification can be designed. Finally, an approach for the reporting of these variants to the clinician is discussed.
MATERIALS AND METHODS

Construction of an FH database
The FH database was constructed in the steps described below. All information included refers up to December 2015. Supplementary Table S1 online lists the fields collected.
Systematic collection of variants in LDLR, APOB, and PCSK9 associated with FH Variant collection was performed as follows. The data were imported from the following public databases: Leiden Open (source) Variation Database versions 1-3, 5 the Human Gene Mutation Database, 7 and the Universal Mutation Database (UMD). 8 Variants listed in the public databases in association with other diseases, such as hypocholesterolemia or hypobetalipoproteinemia, as well as loss-of-function variants in PCSK9, were not included. Only public users' Human Gene Mutation Database information was considered. Additionally, a PubMed search was conducted, using as keywords "familial hypercholesterolemia," "familial hypercholesterolaemia," "FH," "LDLR," "APOB," or "PCSK9," both separately and in combination. All papers published in the previous 10 years ( [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] , written in English, were carefully analyzed, and any additional variant or additional information was added to our database.
Variant annotation
Data were pooled from the databases, duplicates were removed, and nomenclature was checked and corrected, when necessary, using the Mutalyzer Name Checker tool. 9 All variants collected in papers were also checked with this software. The following transcripts were used in this work: LDLR: NM_000527.4, APOB: NM_000384.2, and PCSK9: NM_174936.3 (assembly: GRCh37).
Analysis of functional studies
Every paper with functional data cited in the public databases or found in the PubMed search was carefully analyzed concerning all information stated and validated by two or more team members. Functional studies were divided in two levels regarding their functional evidence ( Table 1) . Studies in heterologous cells or in homozygous patients' cells ascertain more clearly the specific variant's effect in the LDLR cycle and so were considered level 1 studies. Studies in heterozygous patients' cells always have to take into account the interference of the wild-type allele and so the results are not so clear to interpret; also RNA studies without transcript quantification only inform about the different transcript species produced without clarifying the relative amount of mutant protein being produced, so these cases were considered level 2 studies. As in previous studies, 10 we considered that results of less than 80% of normal activity (or less than 90% in homozygous patients' cells) were considered supportive of a damaging effect. All this information was added to the database.
In silico analysis
In silico analysis was performed for every variant using only open access software and included the following programs: Protein Variation Effect Analyzer, 11 Sorting Tolerant From Intolerant, 12 PolyPhen-2, 13 and Mutation Taster 14 for prediction of protein structure/function changes and evolutionary conservation; and Neural Network Splice Site Prediction Tool, 15 MAXENTSCAN, 16 FSPLICE, 17 and Human Splicing Finder 18 for prediction of splicing defects, when appropriate.
General considerations
Any variant that was wrongly written, either in one of the databases or in a paper, that was not possible to verify was excluded. Internal and yet unpublished information about functional studies, normolipidemic panel results, and novel variants from our lab were also included. All internal unpublished information has been submitted to ClinVar public database and is now live at the ClinVar website (https://www.ncbi.nlm.nih.gov/clinvar/ submitters/505909).
Application of 2015 ACMG guidelines
The ACMG guidelines 6 were applied to all variants identified following specific FH assumptions described in Supplementary Tables S2 and S3. Very briefly, these assumptions included (i) nine criteria that were not considered for FH, namely, PS2, PM6, PM3, and BP1, because they contemplate different disease mechanisms from the ones found in FH; PP5, BS1, and BP6, because the same information had been considered in other criteria and BP2 and BP5 were to be considered in a diagnosis context and not in this analysis and (ii) four criteria that were changed and/or divided into new criteria following suggested changes in the original algorithm, for example, the division of PS3/BS3 into the newly created PM7/BP8 for functional studies, as explained in "Analysis of functional studies" above, the division of PP1, and the new PM9 criteria for cosegregation with larger families and PS4, which has been changed to a moderate level.
Final classification of pathogenic, likely pathogenic, VUS, likely benign, or benign was assigned according to the published algorithm. 6 
Analysis of FH variants in the world
With all the information collected, several analyses were performed as the total number of variants and the total number of variants with functional results per country. Also, an analysis of the number of variants found per continent and number of variants common to all continents was conducted. It is important to note that only variants that were clearly stated to be found in a specific population were considered. In this study, we use "America" to refer to North and South America.
RESULTS
Variant analysis Total variants
We performed an analysis of public databases and literature for every variant published associated with FH, in the genes LDLR, APOB, and PCSK9. The upper boxes in Figure 1 show the number of variants in each gene reported in each database. All information was collected in a joint database and, after correcting nomenclature and filtering duplicates, we identified 1,860 different variants. The large majority (42%) of variants are shared only between the Human Gene Mutation Database and the Leiden Open (source) Variation Database, 28.7% of variants are present in only one of the databases, and 23.6% are shared between all three.
A PubMed search for papers published in 2005-2015, as well as an analysis of every paper referenced in the public databases, resulted in the identification of 255 additional variants ( Figure 1 ). Adding to these, 46 as-yet-unpublished Portuguese variants brings the grand total to 2,161 different variants identified in FH patients: 1,915 in LDLR, 107 in APOB, and 139 in PCSK9 (Figure 1) . From all these, 57 variants present a minor allele frequency above 5% in either 1000 Genomes, the Exome Sequencing Project, or the Exome Aggregation Consortium and were therefore excluded from the following analysis; the final box in Figure 1 shows the number of variants, 2,104 (1,894 LDLR, 97 APOB, 113 PCSK9), considered from this point on.
Types of variants
Variants were defined according to the kind of structural alteration that is observed at the DNA level-point substitution, deletion, or insertion-or to the kind of effect that is expected to be observed in the RNA or protein produced/location of the variant, i.e., missense, frameshift, nonsense, in-frame deletion or insertion, synonymous, splicing, intronic, regulatory, or large rearrangements.
Structurally, point substitutions represent 68% of all variants (65% of LDLR, 97% of APOB, and 96% of PCSK9 variants). Duplications and deletions of more than one exon (large rearrangements) are only described in LDLR and account for 9% of this gene's variants. Small deletions and insertions represent 26% of LDLR, 3% of APOB, and 4% of PCSK9 variants.
The majority of FH variants described are missense, ranging from 46% of variants in LDLR, to 52% in PCSK9, to 83% in APOB. Null variants, including nonsense, frameshift, and large deletions, represent 33% of LDLR variants (Supplementary Figure S1 ). In PCSK9, intronic and synonymous variants account for 35% of variants.
The distribution of LDLR variants is shown in Supplementary Figure S2 , except for large rearrangements, along the 18 exons and 6 protein domains. Exon 4, which codifies for the ligand binding domain, has the highest number (n = 336) of different variants described, most of them missense (53.3%). This is also the largest LDLR exon, with 381 nucleotides, but even when number of variants by nucleotide is considered, exon 4 remains the one with the highest number of variants, with 0.882 variants per nucleotide. This is also the exon with more variants functionally characterized and all with a pathogenic effect (Supplementary Table S4 ).
Variants with functional studies
Nonsense and frameshift variants as well as large deletions are considered null variants, and therefore inherently pathogenic. This means that 634 FH variants would not need functional studies to elucidate their pathogenicity, leaving 1,470 putative pathogenic variants (1,261 in LDLR, 96 in APOB, and 113 in PCSK9) in need of functional studies.
In total, we gathered functional study information for 392 variants. According to the evidence, we classified the type of functional study in two levels, with level 1 having the highest evidence ( 19 : (LDLR receptor activities were 25 to 55% of normal in subject 1, 30 to 50% in subject 2, and 65 to 100% in subject 3") and by Hattori et al., 20 who reported a family possessing variant c.946_994del/p.(Asn316Leufs*38) in LDLR and presenting levels of LDLR protein ranging from 44% to 75% compared with wild-type, with levels of uptake between 77% and 91% compared with wild-type.
The 298 variants with the functional studies considered included 55 null variants, which means that only 16.5% (243/1,470) of variants needing functional study in the three genes have a clear pathogenicity assessment: 16% in LDLR, 19% in APOB, and 19% in PCSK9.
ACMG classification
The published ACMG criteria 6 was used to classify all 2,104 variants considering all the information collected. The majority of criteria (n = 15) were applied as described in the original algorithm, nine criteria were not considered due to specificities of FH diagnosis, and four criteria were changed and split into new criteria as suggested in the original algorithm (Supplementary Table S2 and S3).
The majority of variants (n = 986) landed in the VUS category ( Table 2 and Supplementary Table S5) , mainly due to lack of sufficient information and/or evidence for it to be classified as either likely benign/benign or likely pathogenic/ pathogenic. One variant, c.226 G > T/p.(Gly76Trp) in LDLR was classified as VUS because of a contradictory classification, fitting both the likely pathogenic and benign categories. A total of 705 variants were classified as pathogenic. Since all variants with minor allele frequency above 5% were excluded from this analysis, very few variants were classified as benign (n = 12) (Supplementary Table S6 ).
As described above, considering that all variants producing a null allele do not need functional proof to be cause of disease due to their deleterious effect on the LDLR protein, a An interesting consideration drawn from the ACMG classification was that having a functional study was not enough to classify variants in the benign or pathogenic category. Of the 298 variants with level 1 or 2 functional studies, 63 did not have enough evidence to be classified by ACMG as anything other than VUS ( Table 2) . Furthermore, 43 variants with level 1 functional study were only classified as likely pathogenic despite their pathogenicity having been proven by complete in vitro studies. Additionally 99 null variants did not receive enough points in ACMG classification to be classified as pathogenic, and were instead classified as VUS. The majority are large deletions (>90%), which are known to affect the LDLR function but could not receive enough points in the algorithm to be classified as pathogenic.
FH variants across the world
The largest number of identified variants is found in Europe (n = 1,491), followed by Asia (n = 332), America (n = 265), Oceania (n = 134), and Africa (n = 77). No APOB or PCSK9 variants were identified in African countries.
The number of different variants identified throughout the world by country can be observed in Figure 2 . Since only papers where patient origin was clearly stated were considered here, we believe this could be an underestimation. For 293 variants, no country was associated.
A large majority (80.6%) of variants with geographic information are exclusive to a single continent and only 352 cross continent borders (Supplementary Figure S3) . The countries with the highest diversity of variants described are shown in Table 3 . Expected number of FH patients per country (using World Bank 2014 population numbers and 1/500 FH prevalence 21 ) is indicated for comparison. The only non-European country present, Japan, appears in 10th place, with 119 different variants published. The countries with the highest percentage of LDLR variants with functional assessment are Portugal (56.2%), Canada (44.4%), and Spain (43.0%) (Supplementary Table S7 ).
DISCUSSION
Although more than 2,000 variants have been reported in clinical FH patients, less than 10% have been validated as disease-causing by complete in vitro functional assays. This has serious implications for the genetic diagnosis of FH. Functional studies are of even greater importance for APOB and PCSK9 genes, which are more polymorphic than LDLR. In fact, the number of APOB variants has increased lately due to the use of next-generation sequencing in genetic diagnosis of FH, which offers the possibility of sequencing the whole coding sequence of APOB and splice regions not studied in routine diagnosis before. This is especially important because recently functional mutations have been found outside the conserved binding region of APOB, 22 and also several rare variants have been found to be benign, showing the importance for in vitro validation for these variants so they can be considered disease-causing mutations.
Considering that all variants producing a null allele do not need functional proof to be disease-causing due to their deleterious effect on the LDLR protein, a total of 1,227 variants in either LDLR, APOB, or PCSK9 still need functional evidence to be considered disease-causing. Using the ACMG classification with the specific assumptions for FH present here, this number is reduced to 824 variants that are still considered VUS; nevertheless this represents a significant improvement. However, still about 40% of all variants found in FH patients need functional evidence to be considered disease-causing mutations. This represents a vast gap for FH diagnosis and, consequently, for patient prognosis, as it has been shown that patients with FH have 16 times greater chance of developing premature coronary heart disease than dyslipidemic individuals without a functional mutation in the 3 genes causing FH. 23 As it is documented, only a few groups have the desire and/ or ability to perform functional studies, 10, [24] [25] [26] [27] even though some studies are not that difficult to perform. This must change in order to obtain the best FH diagnosis.
Although the ACMG guidelines have been demonstrated to be a valid tool for variant classification, having helped to clarify the classification of several variants for the genetic diagnosis of FH, several gaps in the algorithm have been identified: large deletions are classified as VUS, functional studies do not have the weight they should have on variant classification, and some variants can be classified as benign and pathogenic at the same time. This highlights the need to develop specific guidelines for FH diagnosis covering these gaps and other specific criteria for FH.
For now we recommend that the results of the molecular diagnosis of FH should be reported only if solid functional evidence exists towards the pathogenicity of a variant, if the ACMG algorithm classifies the variant as pathogenic or likely pathogenic, or if the variant found is expected to produce a null protein. This will avoid misdiagnosis. The example of the variant c.806G > A/p.(Gly269Asp) (formerly known as Gly248Asp) exemplifies very well this problem; this variant was considered disease-causing in all countries where it was described-Spain, 28 the Netherlands, 29 and Italy (FH Rome-3)-until in 2008 we reported complete lack of cosegregation in a Portuguese family where later a pathogenic variant was found. 30 In 2012 the functional assay was performed 31 and it proved beyond any doubt that this variant had little or no effect on the LDLR function, being considered as benign. This was one of the most common variants in Spain 31 and was described in other countries as mentioned before; reports had to be withdrawn and new reports had to be sent to the clinician and it had to be explained to the patient that the cause of their dyslipidemia had, in fact, not been found yet. To avoid this kind of situation an effort should be made to perform functional assays for the remaining VUS in order for these variants to be reported to the clinician only with proof of pathogenic evidence. However, when a VUS is found and it cosegregates with the phenotype within the family, this result could be reported to the clinician/patient if, and only if, it is clearly explained that without further evidence this variant does not yet confirm the diagnosis of FH. In this situation, the lab should take it as their responsibility to provide an updated report when new evidence is published, changing the variant classification, for example, when the functional assay has been performed and reported in literature.
It is interesting to note that FH genetic diagnosis is happening almost all over the world, mainly within the scope of research projects, 30,32-37 since only The Netherlands, Spain, and Uruguay have governmental approval for the identification of FH patients. 38, 39 The fact that most variants are restricted to a continent was also an interesting finding, suggesting that population migration occurs mostly within the same continent. However, there are several variants found on more than one continent, probably reflecting the discovery period especially by Portuguese and Spanish navigators in the 16th century. Only seven variants have been found across all five continents.
Finally, in this work a total of 1,894 LDLR variants were found reported in patients with a clinical diagnosis of FH, 187 more than the last review of the most complete FH database, the Leiden Open (source) Variation Database. 5 This highlights the problem of database curation, which ideally would need a full-time person, for lifetime, to keep the databases updated but in most cases this is impossible without proper funding. On the other hand, an updated database is crucial for the genetic diagnosis of a disease since a well-curated database is the most useful tool for variant interpretation. Concluding, a map of the heterogeneity of all variants causing FH has been performed highlighting that a large number of variants do need in vitro functional validation to be considered disease-causing mutations. Without these studies the genetic diagnosis of FH is seriously compromised. To avoid misdiagnosis a positive result should be sent to the clinician only when enough evidence exists to support the pathogenicity of a variant. Although activity toward the genetic diagnosis of FH is seen almost all over the world, FH is still underdiagnosed and efforts should be made in both clinical and genetic identification of these patients. Since most countries have shown ability to perform the genetic diagnosis of FH, governmental approval and funding in each country for large-scale screening, as recommended by the World Health Organization in 1998, 21 would be of utmost importance to improve FH patients' identification and prognosis. As discussed above, the laboratory tools have been developed and enhanced over the past 20 years and we are now more capable than ever to correctly identify these patients; moreover, several pharmacology treatments have been developed and shown to be effective for decreasing the elevated cardiovascular risk of these patients. It is clear now that implementation of these measures can be life-changing for these patients.
Limitations
An assumption was made in this study design that all papers published before 2005 were already included in the public databases references list. Any papers not in this condition were not included in this analysis.
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